The authors sampled three spatially isolated populations of a chironomid midge in the genus Axarus living in the Connecticut River both early and late in the larval life cycle of one generation. Larvae were scored for both length and inversion frequency using the polytene chromosomes from salivary gland cells. We found polymorphism for four paracentric inversions. Inversion C 1-6 exhibits a geographic cline, increasing in frequency with increasing latitude but remaining stable over time. Also stable over time were two other paracentric inversions designated A 1-5 and F 13-20 , which were present at similar frequencies in all populations. None of these inversions was associated with larval length. A complex triple inversion designated G 2-7 was significantly correlated with decreased larval length and also exhibited a significant increase in frequency (within one cohort) in the two more northerly populations. We propose that this increase is due to size-selective predation eliminating larger larvae.
Introduction
One of the most important aspects of evolutionary biology is the study of how natural selection acts to modify the genetics of populations. For this to happen, populations must encompass some degree of genetic variation for a trait, and the trait needs to affect the reproductive fitness of the individuals that carry it. Allelic variation is one way this can happen, as is variation in combinations of alleles of different genes, either unlinked or linked. The latter situation can be brought into play through gross chromosomal mutations such as inversions, translocations, duplications, or deletions. Chromosomal rearrangements have been suggested as contributors to speciation in natural populations (White 1973 (White , 1978 Bush et al. 1977; King 1993; Navarro and Barton 2003b) , and Navarro and Barton (2003a) recently proposed a theoretical model for how this might take place. The Connecticut River midges studied here represent a natural system that could be used to investigate such questions. The current study reveals an apparent effect of natural selection acting on chromosomal rearrangements in natural populations.
Population cytogenetic studies of inversion polymorphism in the aquatic Diptera (primarily Simuliidae, Chironomidae, and Culicidae) have often compared populations from geographically separated water systems. This has been done on both regional (Ramirez et al. 1994; Gordeev and Sibataev 1996; Gunderina and Kiknadze 1999; Kuvangkadilok et al. 1999; Petrarca et al. 2000) and global scales (Michailova and Petrova 1991; Petrova et al. 1996; Butler et al. 1999) . Population cytogenetic studies in the Chironomidae comparing semi-isolated populations from a single river have not been done. Yet, river populations may exhibit unique patterns with regard to gene flow and population structure because under some circumstances, the unidirectional flow of a river can be the principle vector of gene flow. We argue that the group of populations described here constitutes such a system, with genetically semi-isolated subpopulations exchanging genes only through occasional larval drift. Natural selection appears to be acting upon some of the inversion frequencies in these subpopulations, and study of this system should help to illuminate the hypothetical process of speciation effected by chromosomal rearrangements. The current study establishes the foundation necessary to use this system to address questions about speciation in the genus Axarus.
The genus Axarus in the chironomid subfamily Chironominae is a group that is sparsely represented in the literature. In North America, there are five described Axarus species (Townes 1945; Oliver et al. 1990 ). The ecology and microhabitat of the larval stages remain largely unknown (Ferrington 1992) , although this study provides considerable insight into those aspects of the Connecticut River species. There are no published records of Axarus in New England, and state records seem to indicate that the genus is not commonly collected. The Connecticut River, however, is home to at least two Axarus species, one of which is a morphological sibling of Axarus festivus. Cytologically, this species is highly polymorphic for chromosomal inversions, while A. festivus is not (Michailova and Ferrington 1992) ; therefore, the species is herein considered undescribed and referred to as Axarus sp. varvestris (meaning "dwelling in varves").
Axarus sp. varvestris is univoltine, with adult emergence occurring in late June at sites near Northampton, Massachusetts. After hatching, larvae burrow into submerged clay and then develop rapidly over the summer and are in the fourth (terminal) instar as they enter the winter season. The adults are short-lived, surviving in the laboratory for only about 3 days (Werle et al. 2004) .
Larvae of A. sp. varvestris are present in very high densities in varved clay sediments found throughout much of the Connecticut River. The geology of the Connecticut River results in isolated exposures of rhythmically layered (referred to as varved) clay. The river is eroding through the varves of Lake Hitchcock, which was the largest proglacial lake in New England. This lake existed for approximately 4000 years, ca. 16 000 -12 000 years before present (Teller 1987; Ridge and Larsen 1990) . Lake Hitchcock was 320 km long, extending from what is today Rocky Hill, Connecticut, north to St. Johnsbury, Vermont. The Connecticut River today flows through the ancient lake bed and so, in places, erosion exposes hundreds of varves on the river bottom. Thus, as the Connecticut River flows across the ancient lake's basin, new clay surfaces are continually being exposed, eroded, and lost.
In the Connecticut River, larvae of the genus Axarus occur in freshly exposed varve clay or other densely compacted, clay-rich sediments. They are also found occasionally in rotting wood near varve sites. Large populations are present in almost all areas of the river where clay is exposed. The larvae construct U-shaped burrows lined with silk. These burrows are often present at very high densities, with rough field estimates exceeding 12 000/m 2 ; thus, populations are easy to recognize and collect.
Methods
Collections were made at three sites in the Connecticut River in Massachusetts and New Hampshire -Vermont (Table 1; Fig. 1 ). Approximately 56 river kilometres separate the Putney population from the Northfield-Hinsdale population, and 72 river kilometres separate the NorthfieldHinsdale population from the Shepherd's Island population. Larvae were identified as belonging to the genus Axarus (Wiederholm 1983; Merritt and Cummins 1996) but did not fit the descriptions of any of the five described North American species (Roback 1980) . The adult male genitalia are identical to those of the described species A. festivus, but the karyotype does not conform to that species and thus the taxon is referred to here as A. sp. varvestris.
SCUBA divers collected larvae of the genus Axarus from three varve clay sites in the Connecticut River. To collect larvae, divers brought up 2-L bags of clay from depths ranging between 2 and 20 m. This clay was broken up in water and released larvae were collected from the water using a 10-µm mesh sieve. Each collection consisted of at least 75 larvae. An additional 60 larvae from the Hinsdale collection of 23 July 2001 were used to determine the relationship between sex and the G-arm inversion. These larvae were treated as the others, except the sex of each larva was determined before dissection by observing the genital anlagen through the larval cuticle. This was not a random sample because males were easier to sex than females, so frequency values from this collection should be disregarded.
Larvae were fixed in Carnoy's solution (a 3:1 mixture of 100% ethanol and glacial acetic acid) on the day of collection and remained in the fixative for at least 24 h before dissection. Larvae were measured and then dissected to remove the large salivary glands located in the thorax. The glands were immersed in 0.5% acetocarmine stain for a minimum of 20 min and then placed on a glass microscope slide in a drop of Hoyer's semipermanent mounting medium (Smith 2001) . The rubbery matrix of the gland was removed with a dissecting needle, leaving only the cellular material, which was covered with a glass cover slip. Axarus sp. varvestris has salivary gland cells that differentiate, with a group of four cells in each gland being an order of magnitude larger than the other cells in the gland, both in cell volume and in relative polyteny of the chromosomes. These eight large cells from each animal were the primary source of chromosomes for scoring. Gentle pressure was applied to the cover slip to "squash" out the polytene chromosomes from the cells.
Before dissection, larval length was measured using a dissecting microscope and a 10-cm ruler (0.5-mm increments) placed next to the specimen. Larvae were measured from the front of the head capsule to the base of the anal prolegs and recorded to the nearest 0.5 mm. The karyotype of each animal was then determined under a compound microscope and recorded alongside the larval length measurement.
In the frequency data reported in Tables 2-4 , AA represents the standard arrangement homozygote, Aa the heterozygote, and aa the inversion homozygote; n is the total sample size. The inversion frequency value (q) was calculated empirically as q = 1 -(AA + Aa/2)/n. Tables 2-4 also provide probabilities (p) resulting from the G test (with Williams' correction) (Sokal and Rohlf 1994) for goodness of fit of the observed data to Hardy-Weinberg equilibrium expectations. Because of the natural logarithms necessary in this calculation, observed counts of zero were replaced with 0.001.
Differences in larval length when grouped by genoptype (for inversions) were assessed using Student's t tests (Snedecor and Cochran 1989) .
Results
Axarus sp. varvestris has a diploid chromosome number of 2n = 8 with three pairs of long metacentric chromosomes and one pair of short acrocentric chromosomes (Fig. 2) . The level of polyteny in this species appears to be extreme in some cells of the salivary glands (note the scale bar in Fig. 2 ). The homologues are numbered I-IV in order of decreasing length, and the chromosomal arms are designated A-G. Chromosomes I-III are metacentric with arms A + B, C + D, and E + F, respectively; chromosome IV is acrocentric and contains only arm G. Chromosome arms, centromeric bands, and the Balbiani ring were identified by Prof. I.I. Kiknadze, Institute of Cytology and Genetics, Novosibirsk, Russia (personal communication). Chromosomes were divided into numbered segments at recognizable bands for the purpose of designating inverted regions. Paracentric inversions are present in G-, A-, C-, and Farms. These are designated A 1-5 , C 1-6 , and F 13-20 based on the map regions that are inverted (Fig. 3) . The G-arm carries a complex paracentric inversion system that involves at least three inversion events, two small inversions included within a larger inverted region (Fig. 4) . Three regions are inverted: G 2-7 , G 3-5 , and G 6-7 . Chronological order is not implied in the figure; the inversion events shown could have occurred historically in any order. This complex of G-arm inversions, designated G 2-7 , forms a single loop in heterozygotes (Fig. 5) . The inverted regions in this chromosome are difficult to distinguish but were identified using rare asynaptic or partially asynaptic figures.
Other chromosomal mutations were present in the populations as well but were very rare. An inversion in the E-arm, designated E 1-6 , occurred as a heterozygote twice, once at Putney, Vermont, and once at Hinsdale, New Hampshire. A terminal duplication on the G-arm occurred three times as a heterozygote at Putney, Vermont, and once as a homozygote at Northfield, Massachusetts. Because of their rarity, these chromosome aberrations were not considered in the subsequent analysis.
For the Putney population (Table 2) , the A-, C-, and Farm inversions were statistically indistinguishable from Hardy-Weinberg equilibrium on both sample dates, while the G-arm inversion was significantly out of Hardy- Weinberg equilibrium on both dates. The Hinsdale-Northfield population (Table 3 ) and the Shepherd's Island population (Table 4) showed similar patterns. Larval length varied considerably, ranging from 7 to 21 mm. Length was independent of karyotype for A-, C-, and F-arm inversions, as can be seen in Fig. 6 . This figure incorporates data from all sample dates, as well as from additional dates that are otherwise not reported here. This was done because the intent of the figure was to establish the lack of a size effect in the A-, F-, and C-arm inversions and, because of the rarity of the A-and F-arm inversions, the larger sample helps make this clear. There was no effect of inversion on length for the A-, C-, or F-arm. The complex inversion on the G-arm had a significant effect on larval length. G-arm heterozygotes were consistently smaller, on average, than standard arrangement homozygotes (Figs. 6  and 7 ). This appears to be due to a marked lack of heterozygotes in the larger size classes. G-arm inversion homozygotes were never observed.
The effect of G-arm inversion status on larval length was significantly associated with sex, although the inversion itself was not completely sex linked. In a sample of 60 larvae in which sex was determined before dissection and karyotyping, female inversion heterozygotes were significantly smaller than both standard arrangement females and male inversion heterozygotes (Fig. 8) . This effect was not seen in the males, where G-arm inversion status had no effect on length. A nonparametric ANOVA (Kruskal-Wallis test) (Sokal and Rohlf 1994) resulted in an H value of 20.3 (df = 3) and a p value of <0.001, indicating that the G-arm inversion effect on length was not random with regard to sex. Wild-type males and females were not significantly different in size, indicating that there is no sexual dimorphism in larval length.
Spatial and temporal patterns for inversion frequencies were analyzed (Fig. 9) . The C-arm inversion showed a significant north-south cline but no significant seasonal change in frequency. The A-and F-arm inversions exhibited neither clinal nor seasonal change, while the G-arm inversion again showed no cline but exhibited a significant increase in frequency over one season in the Hinsdale-Northfield collection (p = 0.01) and in the Putney collection (p = 0.048).
Discussion
Connecticut River A. sp. varvestris populations primarily occur within underwater lacustrine varved clay exposures (Fig. 10) formed at the end of the Pleistocene. These varve environments (which were once ubiquitous) are now fragmented into a series of patches separated by stretches of river bottom without clay or other usable Axarus species habitat. Separate varve exposures are only semi-isolated with regard to A. sp. varvestris. This species has two means of dispersal: the adults are winged and may be dispersed in any direction by wind, while the river's flow carries fertilized eggs and early instar larvae downstream. The evolutionary biology of A. sp. varvestris is therefore the result of habitat fragmentation, dispersability, and selection.
Although the three populations are spread over 125 river kilometres (by which we mean distance that is not "as the crow flies" but rather includes the intervening meanders of the river), the frequency of inversion A 1-5 was similar in all populations, and all collections were in genetic equilibrium. The inversion of F 13-20 revealed a similar pattern. It is important to note that 5 months separated the summer and autumn collections of these populations. The life cycle of A. sp. varvestris lasts approximately 12 months. During most of this time, the insect lives as an aquatic filter-feeding larva; the adult stage is nonfeeding and lives for only a few days at most. Thus, the 5 months separating sample dates represents 42% of the insect's life-span. Since inversion frequencies remained stable during this period, one can conclude, with regard to selection, that these inversions (A 1-5 and F 13-20 ) were relatively neutral during this phase of the life cycle.
Using all inversion frequencies to compute Nei's (1987) unbiased genetic distances, D A , for the three pairwise comparisons possible between collection sites revealed two interesting patterns (Fig. 11) . First, genetic distance increased in a linear manner with geographic distance. This is as would be expected of reproductively isolated populations (Nei Fig. 4 . A hypothetical scenario that would give rise to the G-arm inversion heterozygote. Three inversion events (six break points) are required to produce the heterozygote arrangement observed today. The approximate break points are indicated at the bottom with arrows, as are the areas of synapsis and looping most commonly observed in karyotype squashes of heterozygotes. Also shown in the figure are some characteristic markers: a heterochromatic series of bands in region 8, a pair of heterochromatic bands between regions 2 and 3, the Balbiani ring with an associated constriction and a heterochromatic band in region 4, the constriction between regions 7 and 8, and the puffed or flared area around the centromere in region 1.
Fig. 5.
Chromosome IV, the G 2-7 inversion heterozygote. The line drawing beneath the photograph shows the actual configuration of the loop formation. Characteristic regions are as described in Fig. 4. 1987). The linear relationship between genetic and geographic distances could also be interpreted as an increase in genetic distance over evolutionary time. We take this as prima facie evidence that there is only limited gene flow between these populations; a panmictic population would not show such a pattern. Second, the genetic distances all seemed to increase as the season progressed. This increase we interpret to be a result of natural selection acting on the frequency of the G-arm inversion complex (as discussed below) and also possibly of selection acting on the other inversion frequencies in some manner.
The C 1-6 inversion followed a cline, increasing in frequency upriver. All samples were in Hardy-Weinberg equilibrium. Summer and autumn samples had nearly identical inversion frequencies; thus, the C 1-6 inversion was selectively neutral during the 5 months bracketed by the sample dates. Selection must occur during the 7 remaining months of the life cycle. Similar clines have been well studied in the genus Drosophila, and the maintenance of such clines in inversion frequency has been attributed to selection for beneficial coadapted gene complexes that are held together within inversions because of the problems associated with recombination in heterozygotes (Dobzhansky 1950; Endler 1977; Prevosti et al. 1985) . This may also be the case here with the C-arm inversion, although more data will be required to answer this question.
The complex inversion G 2-7 revealed a pattern completely different from those of the other inversions. All populations were out of Hardy-Weinberg equilibrium, and summer collections revealed a cline, with the inversion frequency decreasing upriver. This inversion is associated with larval length; heterozygotes were smaller (Figs. 6 and 7) and inversion homozygotes were never observed, even in extensive samples. The absence of the triple inversion homozygote could be due to a recessive lethal being present in the inverted segment or to a necessary factor that is missing in the inverted segment (which is essentially the same thing, but the subtle distinction is helpful to think about here), either of which would result in a lack of inversion homozygotes. This could also explain the reduced size of heterozygotes, which would have a 50% dose of the hypothesized detrimental or necessary factor, either of which could affect larval growth.
Another possible explanation is suggested in a study by Beermann (1956) . He found that in male Chironomus tentans, a chiasma occurred on chromosome IV in 95% of meioses. The C. tentans population that he studied was polymorphic for a very large inversion (similar to the inversion studied here in that it encompassed most of the chromosome) on chromosome IV and thus, in inversion heterozygotes, the chiasma occurred within the inversion. This reduced the number of functional sperm by 50% because of the occurrence of acentric fragments and bridges in half of the gametes produced. Beermann (1956) suggested that this problem could be overcome if males usually mated only once; in C. tentans, males contribute far more sperm than the females do eggs. Thus, if the male was heterozygous for a single inversion in which a chiasma occurred, only half of the normal complement of functional sperm was produced, but this was still sufficient to fertilize all of the available eggs. In this scenario, sperm dysfunction associated with inversion heterozygosity is manifested as soft selection or developmental selection (Klekowski 1988 ) that has little impact on actual male fitness. If males mate more than once, however, this explanation does not work, and male heterozygotes would be at a selective disadvantage. Since there is no evidence to suggest that male A. sp. varvestris mate only once, perhaps the male G-arm inversion heterozygotes normally form one or more chiasmata within the inverted segment, and thus, functional sperm production is reduced to Fig. 7 . Larval length data for the G-arm inversion presented as mirrored histograms similar to those shown in Fig. 8 but for the data grouped by location and date. The summer collections are in the left column and the autumn collections in the right, and the locations are arranged as they are geographically with the northernmost site at the top. The G-arm heterozygotes were always significantly smaller than homozygotes (Kruskal-Wallis tests), apparently because of a lack of individuals in the largest size classes. the point where male fitness is affected. If this is the case, then inversion homozygotes will be exceedingly rare, as is observed in natural populations. Recombination in heterozygous inversions on other chromosomes could further reduce the number of functional spermatozoa in these individuals, although more information about meiosis in the genus Axarus would be required to address this.
A third possible explanation of our results would be a sex chromosome system in which the heterogametic sex is smaller. In A. sp. varvestris, this is not necessarily the case because there is only partial correlation between sex and the inverted G-arm chromosome (Fig. 8) , and the sexes are only nominally different in size as larvae. The implications of these data remain unresolved, although the patterns we observed would be consistent with what one would expect from an incipient XY-type sex chromosome system where the male sex determiners have become "trapped" in inversions on the evolving heterogametic chromosome.
Autumn collections from Putney and Hinsdale-Northfield revealed a shift in G-arm inversion frequency upward, presumably (since no reproduction has taken place in the summer-autumn interval covered by the samples) because of the loss of the larger wild-type homozygous larvae. For these populations, there appears to be some fitness advantage associated with the smaller, heterozygous larvae.
One potential reason for the increase in the G-arm inversion frequency is size-selective predation. Although many fish species feed upon chironomids, size-selective predation is more likely the result of invertebrate predators. The Connecticut River has a diversity of invertebrate predators that could be selectively taking larger Axarus sp. larvae (Table 5 ).
An increase in G-arm inversion frequency was observed in the two northern populations: Hinsdale-Northfield and Putney. Both are upstream from the Turners Falls cataract, a 4-mile stretch where Lake Hitchcock varves have been completely eroded away. Historically, this was (and is) a major biotic barrier on the Connecticut River (Jenkins and Zorach 1970; Smith 1977) . A number of faunistic components are present below the barrier but absent above it, e.g., shortnose sturgeon (Acipensor brevirostrum) occurs only downstream of the barrier (Buckley and Kynard 1985) . Below this barrier (i.e., at the Shepherd's Island site), evidence of extensive predation by large animals (presumably fish) is observed every year. This large-scale predation destroys large expanses of varves and would be expected to wash out the effect of size-selective predation by invertebrates. This may explain the absence of an increase in G-arm inversion frequency in the Shepherd's Island population.
Associations between phenotype (biometrics) and inversions occur in a number of dipteran species. Wing length correlates with chromosomal inversion in Drosophila subobscura (Prevosti 1967) and, later, it was demonstrated that a large-scale geographic cline for this effect reestablished itself quickly in introduced populations of this fly (Gilchrist et al. 2001) . Effects of inversion on wing length have also been documented in the European species Drosophila lummei (Haas and Tolley 1998) . Because their larval ecology is better known than that of most Drosophila species, biometric effects of inversions in Drosophila buzzatii have been intensively studied (Ruiz et al. 1986 (Ruiz et al. , 1991 Hasson et al. 1991; Norry et al. 1995 Norry et al. , 1997a Norry et al. , 1997b Betran et al. 1998; Rodriguez et al. 1999 ). This species shows a result very similar to ours where heterozygosity for a single inversion results in reduced body size (Norry et al. 1995) . Recently, Yadav and Singh (2003) demonstrated that in Drosophila ananassae, male thorax size was significantly reduced in correlation with heterozygosity for the 2L inversion and suggested that natural selection maintained this polymorphism. Biometric inversion effects have also been shown in grasshoppers. M.J.D. White and his group, working on the Australian morabine Moraba (= Keyacris) scurra, found that two inversions were interacting in reducing body size Andrew 1960, 1962) . In the South American acridid Sinipta dalmani, a pericentric inversion was associated with reduced body size (Remis 1997) , and it was then shown that smaller males were less successful at mating (Remis et al. 2000) . How this polymorphism is maintained in the population remains unclear, but the current study may suggest an explanation: directional selection for body size may operate in opposing directions at different life stages, and this could act to maintain the polymorphism.
There are few reports of biometric effects of inversions in Chironomidae. Martin (1973) reported that in Kiefferulus intertinctus, three different inversions had an effect on ven- Fig. 9 . Distribution of inversion frequencies in Connecticut River A. sp. varvestris populations. The abscissa represents the distance in kilometres from the mouth of the river at Long Island Sound. The ordinate is the inversion frequency. The locations from left to right are Shepherd's Island, Hinsdale-Northfield, and Putney, Vermont. The G 2-7 inversion proportion increased significantly from summer to autumn in both the Hinsdale-Northfield and Putney collections (p = 0.01 and p = 0.048, respectively), while there were no other significant differences between proportions from the same location. tral tubule length in larvae. He also observed a less pronounced effect of the same inversions on overall larval length. Rosin and Fischer (1968, cited in Martin 1973) found that in Chironomus nuditarsis, two different inversion homozygotes were significantly smaller, based on headcapsule width, than other arrangements.
Our results present a case where a complex triple inversion significantly reduces body size and yet is maintained as a stable polymorphism in several natural populations. This polymorphism is maintained even though the inversion homozygote is extremely rare or nonexistent.
Since many studies have shown body size in Diptera to be positively correlated with adult reproductive success (Benjamin and Bradshaw 1994; Renshaw et al. 1994; Takken et al. 1998; Dunn et al. 1999; Blackmore and Lord 2000; Sibley et al. 2001) , it is reasonable to assume that these smaller individuals that are G-arm inversion heterokaryotypes suffer some fitness reduction. Neems et al. (1998) found that smaller male midges actually had a mating advantage, but since male size is not affected by the inversion discussed here, this does not explain the results that we observed in A. sp. varvestris. We hypothesize that, in the case of A. sp. varvestris, benthic invertebrate predators are more likely to select larger, rather than smaller, larvae as prey because the larger tunnel openings made by these larvae decrease the limitation on predator size. This directional selection increases the fitness of smaller individuals while they are larvae living in varve tunnels. This selective advantage must be strong enough to offset the presumed fitness cost born by the adult females in the form of decreased fecundity (and also the fitness cost to inversion heterozygotes of both sexes resulting from imbalanced gametes caused by crossing over within the inversion). If our hypothesis is correct, the G-arm inversion polymorphism could be maintained by larval-stage heterosis (in the form of predator avoidance) offsetting adult-stage fitness costs such as fecundity reduction.
